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IDENTIFYING FACTORS THAT PROMOTE TENSIONAL 
HOMEOSTASIS IN ENDOTHELIAL CELLS 
SZE NOK TAM 
ABSTRACT 
 Various types of mammalian cells have an exceptional ability to adapt to 
externally applied mechanical stresses and strains. Because of this adaptation, cells can 
maintain their endogenous cytoskeletal stress at a preferred (homeostatic) state. This 
homeostasis of mechanical stress in cells, also known as tensional homeostasis, is 
essential for normal physiological functions of cells and tissues and provides protection 
against certain diseases. Recent experimental studies revealed a novel finding that 
isolated endothelial cells cannot maintain tensional homeostasis, whereas multicellular 
clusters can. Increasing size of the multicellular clusters played a critical role in 
attenuating temporal fluctuations of intracellular tension as it approached homeostasis. 
Here, we propose to interpret these experimental results with simple mathematical 
models and to gain insight into factors that contribute to homeostasis. The proposed 
models investigate solely on how mechanical interactions between cells influence 
tensional homeostasis and do not consider other physical and chemical factors such as 
biochemical signaling and substrate rigidity. Results of our model corroborated our 
earlier experimental findings that tensional homeostasis is multicellular phenomenon. We 
were able to identify two mechanisms that influence tensional homeostasis in confluent 
clusters, namely statistical averaging of stress fluctuations and stress buildup in the 
cluster that resulted from unbalanced portion of cell-substrate tractions at the cluster 
  vii
boundaries. To further investigate the role of cell-cell interactions in tensional 
homeostasis, we conducted traction measurements in thrombin-treated endothelial cells 
using micropatterned traction microscopy. Our expectation was that the presence of 
thrombin would stimulate cellular contractility to the point of severance of cell-cell 
adhesions. To our surprise, the cell-cell junctions remained intact. However, the 
measurements revealed a threshold in the cluster size after which attenuation in cellular 
tension rapidly progressed. The underlying mechanism that caused the presence of a 
threshold is still unknown. Current efforts of our research group are dedicated to reveal 
and understand those mechanisms. 
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Chapter 1: Introduction 
Endothelial cells (ECs) serve as a semipermeable barrier between blood and vessel wall 
which control the passage of materials into and out of the bloodstream. In addition to the 
internal propelling force generated from actin-myosin contractions, the cell experiences 
sustained external stretch and shear stress resulting from circulatory pressure and flow [1, 
2]. As a result, ECs exhibit the remarkable ability to adapt to the applied mechanical 
stresses and strains by remodeling their cytoskeleton in order to maintain their internal 
tension at a stable, preferred set-point value. This ability of cells is known as tensional 
homeostasis [3]. It has been regarded as a necessity to facilitate normal physiological 
functions of the endothelium and as a protection against disease progression, including 
atherosclerosis [1, 4], and aneurysms [5]. 
It is a common notion that the individual living cell possesses means for 
achieving tensional homeostasis [4, 5, 6, 7]. This idea, however, has been challenged in 
the past five years. Krishnan and colleagues observed that cellular traction forces in 
isolated human umbilical vein endothelial cells (HUVECs) were highly unstable, 
exhibiting erratic temporal fluctuations [8]. Since traction forces arise in response to 
cytoskeletal tension, these findings suggested that isolated ECs might not be able to 
maintain tensional homeostasis. Webster and colleagues tested the ability of single 
fibroblast cells to regulate cytoskeletal tension in response to mechanical deformation. 
They found that cells did not maintain a constant tension, as expected, and exhibited a 
tensional buffering which allowed them to make distinct response to different 
deformation [9]. Recently, our group studied tensional homeostasis in multicellular 
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clusters of cultured bovine aortic endothelial cells (BAECs) by measuring traction forces 
over an extended period of time [10]. We found that isolated cells failed to maintain their 
traction forces stable, which is consistent with the result of the previous studies [8]. We 
also found that in multicellular clusters traction fluctuations became attenuated with 
increasing cluster size, which is a novel result. These findings sparked new interest in 
obtaining a comprehensive description of tensional homeostasis through considering 
potential factors, including cell-cell mechanical coupling, cross-signaling between cell-
cell and cell-matrix adhesions and matrix composition. As a first step in this direction, we 
propose to study the effect of cell-cell mechanical coupling on tensional homeostasis 
using a mathematical model. 
1.1 Background and Significance  
1.1.1 Historical Perspective 
The idea of maintaining stability of the internal environment in living organisms is first 
introduced by a French physiologist Claude Bernard, the founder of modern physiology, 
in 1854. Bernard made several important discoveries like glycogenic function of the liver, 
the role of pancreas in digestion, and the regulation of temperature on vasomotor system 
[11]. Among all of his work and discoveries, Bernard is mostly recognized by his 
conception of the constancy of the internal environment [12]. Bernard’s idea of constancy 
of internal environment, that he referred to as milieu interieur, refers to blood. Through 
tying temperature regulations of blood to his vasomotor mechanisms and blood sugar 
regulation to his glycogenic mechanism, he concluded that all vital mechanisms in 
organisms served one major purpose – to maintain uniformity in their internal 
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environment. Not until the beginning of 20th century had the importance of internal 
environment made it to the mainstream of mammalian physiology. It was advocated in 
the United States by two Harvard Medical School faculties, Lawrence J. Henderson and 
Walter B. Cannon [13]. These scientists extended Bernard’s idea of self-regulation from 
the realm of biological fluids to a wider physiological platform. Cannon coined the term 
“homeostasis” to describe the tendency of mammalian organisms to preserve a constant 
internal environment and this terminology has been used ever since. 
 Homeostasis is a unifying and fundamental concept in physiology that describes 
the ability of organisms to maintain their physiological functions at a stable, preferred 
(homeostatic) state. Breakdown of homeostasis is a hallmark of disease progression. 
Homeostasis is still an actively explored topic among scholars and researchers. 
Understanding the underlying regulation mechanisms and homeostatic conditions are 
equally beneficial to disease preventions and to therapeutic innovations. For example, 
based on the knowledge how neonatal Fc receptor regulates the homeostasis of the long-
lived serum protein immunoglobulin G (IgG), Nixon’s group looked into the feasibility 
of prolonging half-life of the therapeutics, through Fc fragment of IgG conjugation to 
enable neonatal Fc receptor interactions, to treat antibody-mediated autoimmune diseases 
[14]. 
1.1.2 Cytoskeleton 
The cytoskeleton is an organized intracellular structure that is composed of various 
proteins, among which actin filaments, microtubules and intermediate filaments are most 
prominent. This structure provides shape stability to cells, creates motility-driving force 
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and coordinates the entire process of movement through a repeated process that involves 
actin-myosin contractions and cellular adhesion alternations [15]. The actin-myosin 
contraction is regulated by myosin light chain (MLC) phosphorylation and actin stress 
fiber formation mostly through calcium-dependent associations. Binding of the 
intracellular calcium (Ca2+) and calmodulin activates MLC kinase (MLCK) to 
phosphorylate MLCs. The MLC phosphorylation then leads to an increase in actomyosin 
interaction, stress fiber formation and subsequent contraction. Besides, MLC 
phosphorylation can also be catalyzed through inhibition of MLC phosphatase and actin-
depolymerizing protein activities initiated by Rho/Rho kinase pathway [16]. 
 As a result of the actin-myosin contraction, the cytoskeleton is said to be 
prestressed (or tensed), which refers to a situation where cytoskeletal actin stress-bearing 
elements carry tensile stresses prior to the application of external forces [17]. 
Microtubules plays a part in balancing the prestress, but it is mostly balanced by the 
substrate and by adjacent cells to which the cell is adhered [18]. The presence of prestress 
(or tension) in the cell provides stability to the cytoskeletal lattice and allows the cell to 
control its mechanical properties [17]. Also, it generates measurable cell traction forces.  
1.1.3 Tensional Homeostasis in Cells 
Brown and colleagues characterized fibroblasts response to externally applied mechanical 
tension loads through the technique of culture force monitor [6]. The fibroblasts were 
seeded on three-dimensional collagen lattices, which had precisely calibrated tensional 
loads applied on them. In response to high sustained loads, these authors observed a 
reduction in cell-mediated contraction. Conversely, higher contraction force was 
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measured when external loading was downregulated. The authors’ interpretation was that 
fibroblasts modulated their endogenous tension to counterbalance the applied external 
mechanical stimuli and favored maintaining tension at a preferred level. They coined the 
term “tensional homeostasis” to characterize this type of adaptive response. Studies have 
shown that tensional homeostasis is crucial to healthy functioning of different tissues 
types and dysregulation is a hallmark of many pathological conditions. Paszek and 
colleagues showed that tensional homeostasis was necessary for normal epithelial tissue 
behavior since a chronic increase in cytoskeletal tension could promote malignant 
transformation of a tissue [19]. They reported that as tissue behavior was modulated by 
the cooperation of cytoskeletal tension and matrix stiffness, which they referred to as 
mechanoreciprocity; thus, an increase in matrix stiffness would lead to an increase in 
cytoskeletal tension and subsequent tissue growth and morphogenesis.  
Chien demonstrated that maintaining tensional homeostasis in vascular ECs is 
atheroprotective since it downregulated pro-inflammatory signaling [1]. Interruption of 
tensional homeostasis may result from modern medical treatments, like for example stent 
implantation in blood vessels. This procedure may produce injury in the endothelium, 
disrupting thereby continuous stress transmission through the tissue and causing 
breakdown of tensional homeostasis, which then leads to thrombus formation [20].  
 Despite the importance of tensional homeostasis for physiology and 
pathophysiology of cells and tissues, the number of studies on this subject is surprisingly 
small. Most evidences of tensional homeostasis are either circumstantial or are obtained 
from isolated fibroblasts. For example, the observation that cell-substrate traction forces 
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increase in nearly direct proportion with increasing focal adhesion (FA) size [21, 22, 23] 
implies that the stress acting on FAs is constant. Humphrey used this observation as an 
argument in support of the notion that individual cells can maintain tensional homeostasis 
[5]. However, the observed proportionality between the traction force and the FA size is 
challenged by the finding of Gardel’s group who found that a strong correlation between 
FA size and traction force exists only during the initial stages of myosin-mediated 
adhesion maturation and growth. For mature FAs, no correlation between traction stress 
and FA size is observed [24]. Mizutani and co-workers found that stiffness of isolated 
fibroblasts initially increased/decreased with a step increases/decreases in stretch and that 
the stiffness tended to return back toward baseline values over a period of hours [7]. The 
authors concluded that ‘‘a fibroblast maintained an optimal level of intracellular 
stiffness,’’ thus supporting the concept of a cellular stress–stiffness mechanoreciprocity 
and tensional homeostasis. 
 Chien argued that tensional homeostasis in the endothelium requires directed 
stretch and directed blood flow [1]. Because pulsing blood pressure-induced stretch in 
blood vessels is in the circumferential direction, ECs tend to orient in the direction 
transverse to the stretch in order to avoid the detrimental effect of stretch on actin stress 
fiber stability (i.e., depolymerization) and thus maintain steady and stable tension in the 
endothelium. Krishnan and co-workers [8] showed that the traction field in isolated ECs 
exposed to sustained uniaxial periodic stretch reorients transversely to the stretch axis, 
but that tractions remain unstable, exhibiting erratic temporal fluctuations long after their 
reorientation was completed. Thus, the reorientation of the traction field in face of the 
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directed stretch did not resulted in tensional homeostasis in isolated ECs. Moreover, these 
investigators observed that even in the absence of stretch the traction field exhibited 
unstable behavior. Taken together, results of these studies suggested that isolated ECs 
cannot maintain tensional homeostasis, contrary to the Humphrey’s claim that 
homeostasis must exist across multiple time-scales and multiple length-scales, from the 
subcellular level to the organ level [5]. 
 Recent study of our group has shown that while isolated BAECs could not 
maintain tensional homeostasis, BAEC clusters could with increasing cluster size [10]. In 
particular, we found that in non-confluent clusters the rate at which cells approach the 
state of tensional homeostasis is greater than in confluent clusters. This, in turn, 
suggested that cell-cell interactions may have an impeding effect on stabilization of 
cytoskeletal tension. 
 The importance of the cell-cell interaction for cytoskeletal tension has been 
demonstrated previously. Nelson et al. have shown that the crosstalk between FAs and 
adherens junctions influence the global tensional of ECs [25]. On the other hand, it is also 
possible that tensional homeostasis can be maintained through a pure mechanical 
interaction between adjacent cells, a phenomenon known as a mechanical 
interdependence, where changes in tension of individual cells may be offset by tethering 
cell-cell traction forces of the surrounding cells which would help to maintain stability of 
the mean tension in the cluster. Finally, attenuation of temporal fluctuations of the 
traction field with increasing cluster size may be a result of statistical averaging where 
random traction variations cancel out with increasing cluster (sample) size. In this thesis, 
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we will investigate how mechanical interactions between adjacent cells may affect 
tensional homeostasis of the cell cluster. 
1.1.4 Significance 
Understanding of the mechanisms that govern tensional homeostasis bears a potentially 
long term impact on our understanding of progression of various diseases. It is well 
established that multiple pathologies are characterized by compromised homeostasis. For 
some pathologies, such as cancer and arteriosclerosis, great effort is currently underway 
to determine whether stiffness changes cause or are merely coincident with disease 
progression. It is reasonable to conjecture that the importance of material properties 
(stiffness) propagates across length scales, and thus to hypothesize that the properties of 
tissues are resultant from the collective properties of cells and their extracellular matrix. 
It is well established that cell stiffness is tightly controlled by cytoskeletal tension [17, 
26]. Therefore, loss of tensional homeostasis, i.e., loss of ability to counteract mechanical 
variations of individual cells may lead to the selection of more contractile cells, 
ultimately enhancing tumor stiffness and metastasis, two hallmarks of cancer. This raises 
an interesting possibility that preventing tissue stiffening by maintaining tensional 
homeostasis may impede disease progression. 
1.2 Specific Aims  
This project is built upon the observation that tensional homeostasis is a multicellular 
phenomenon and that attenuation of temporal variability of intracellular tension is driven 
by increasing cluster size. We hypothesized that this tensional attenuation in cell clusters 
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was influenced by mechanical coupling between cells and via statistical averaging of 
noise. We defined tensional homeostasis as the maintenance of cytoskeletal tension 
(prestress) about a constant average value (i.e., stable mean value) and the maintenance 
of a low level of variability about a set-point level of tension (i.e., stable variance). The 
mathematical models proposed here provided an alternative to search for possible 
theories that could account for experimentally observed behavior and the underlying 
mechanisms in the long run. In the experimental part of this thesis we intended to study 
to what extent mechanical cell-cell coupling influences tensional homeostasis. 
Aim 1: To develop one-dimensional mathematical model of tensional homeostasis. 
This phase of the project consists of constructing a model framework and implementing it 
into numerical algorithm using MATLAB (MathWorks, Natick, MA) software. The 
model depicts cell clusters as one-dimensional, serial arrays of linearly elastic blocks 
(“cells”). Two types of cluster will be examined to investigate the importance of 
mechanical coupling between adjacent cells for tensional homeostasis: mechanically 
jointed blocks and mechanically disjointed blocks. To each block, we will apply traction 
forces that will mimic temporal fluctuations of traction forces observed experimentally. 
For a given stiffness and geometrical parameters of the blocks, we will obtain the mean 
stress in the cluster. We will then observe how temporal variability of this mean stress 
changes with cluster size and how it depends on the connectedness of the cluster blocks. 
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Aim 2: To measure cellular traction forces in clusters of endothelial cells where cell-cell 
junctions are severed by thrombin. 
Effect of disrupting cell-cell junctions on the cell’s ability to maintain tensional 
homeostasis will be examined through measuring the cellular traction forces in thrombin-
treated BAECs. Thrombin binds to protein-activated receptor-1 on the plasma membrane 
and evokes an increase in intracellular Ca2+ and Rho activation, which further leads to 
contractile force development and barrier dysfunction [16]. Because of the enhanced 
contractility, the actin network pull on the cell-cell adhesions increases and eventually 
severs them [27, 28, 29]. Cell clusters will be seeded onto micropatterned polyacrylamide 
gels, followed by thrombin treatment to sever cell-cell junctions, and then their traction 
forces will be measured at 5-min intervals over a 2-h observation period. Such obtained 
data will be analyzed to quantitate traction field temporal variability. They will be further 
compared with similar data obtained previously from BAECs clusters that were not 
treated by thrombin [10]. This will provide quantitative information about the effect of 
the loss of cell-cell coupling on tensional homeostasis. 
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Chapter 2: Mathematical Models 
2.1 Modeling Approach 
Our model was built upon biomechanical behaviors of clusters of living cells. Cell 
clusters from closely packed monolayers that adhere to a flat substrate. Contractile stress 
generated within each cell by its acto-myosin molecule motors is transmitted to the 
substrate via cell-matrix focal adhesions (FAs) and to the adjacent cells via cell-cell 
adhesions (adherens junctions). This stress is simultaneously resisted by cell-substrate 
tractions and by cell-cell tractions, respectively. We modeled cell clusters as one-
dimensional arrays of linearly elastic, discrete, massless blocks (‘cells”) and considered 
cell-substrate tractions as externally applied forces. We applied random, time-varying 
traction forces, which were obtained from Monte Carlo simulations, to each block to 
mimic experimentally observed traction fluctuations [8, 10, 30]. At any instant, the 
cluster was in equilibrium and therefore, the net traction force acting on the cluster was 
zero. We first computed the corresponding stress in each block at different time intervals. 
We then studied how temporal fluctuations of the mean stress within the cluster depended 
on the cluster size. We considered two types of clusters in the model: 1) a jointed chain 
cluster (JC) and 2) a disjointed chain clusters (DC). The JC model mimicked tensional 
homeostasis in confluent cell clusters; i.e., blocks were mechanically jointed in series 
(Fig 2.1-A). The DC model mimicked tensional homeostasis in non-confluent cell 
clusters and in cell clusters that lacked cell-cell interaction structures; i.e., blocks were 
not mechanically jointed and therefore cell-cell tractions were absent (Fig 2.1-B). 
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Figure 2.1 Schematic representation and free-body diagrams of models; A. jointed chain 
cluster (JC), B. disjointed chain cluster (DC).   are cell-substrate tractions,   and  
are left and right cell-cell tractions, respectively, acting on the th block. Redrawn from 
Reference [31]. 
 
2.2 Methods 
Stress field in each block at a given time () was obtained by solving the equilibrium 
equation 
	σ, 	 + τ, ℎ = 0,  = 1, … , ,     2.1 
where σ,   and τ,   were respectively the stress field and the cell-substrate 
traction field of the th block with dimension of force/length; ℎ was the height of the th 
block with units of length, which we assumed it to be constant and uniform throughout 
B
A
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the cluster, i.e., ℎ = ℎ = ⋯ = ℎ = ℎ ≡ ℎ; and  was the total number of blocks 
in the cluster. 
2.2.1 Jointed Chain (JC) Model 
For the JC model, the traction field was given as follow: 
τ,  = signτ|τ|     2.2 
where τ was the assigned traction fluctuation. We set the origin of the coordinate 
system at the left end of each block; we assumed that τ,  > 0 when it was oriented 
in the direction of the coordinate  -axis and vice versa (Fig 2.1-A). Two boundary 
conditions were used to solve Equation (2.1). First, finite cell-cell tractions at cell-cell 
junctions, i.e., σ0,  =  and σ%,  = , where % was the current length of 
the th block and  and , with dimension force/length, were the corresponding 
cell-cell tractions acting at the left and right ends of the  th block, respectively. The 
second boundary condition was traction-free endpoints of the cluster, i.e., σ0,  = ≡ 0  and σ% ,  =  ≡ 0 . Taking Equation (2.2) and the boundary 
conditions into account, we obtained a solution for Equation (2.1) as follows: 
σ,  = −signτ|τ|ℎ  + ,  = 1, … , .     2.3 
From such obtained σ, , we calculated the mean stress (σ() ) in the block as follow 
σ()  = 1% * σ, + = −signτ|τ|%2ℎ + ,  = 1, … , 
,-.
/ .     2.4 
Because experimentally we measured traction forces, not traction stresses [10], we 
rewrote Equation (2.4) in terms of traction forces 1 ≡ τ%, 
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σ()  = −sign1|1|2ℎ + ,  = 1, … , .     2.5 
Equilibrium of each block demanded that the sum of all forces acting on a block equaled 
to zero at every instant, i.e., 
sign1|1| = 3 − 4ℎ,  = 1, … , .     2.6 
Continuity of cell-cell tractions required that 
 = 6 ,  = 1, … ,  − 1     2.7 
at every instant. Equilibrium of the whole cluster required that, at any instant, the net 
traction force was zero, 
8 sign1|1|9 = 0.     2.8 
By solving coupled Equations (2.4–2.8), we obtained ;()  in terms of traction 
forces, i.e., 
σ()  = 12ℎ sign1|1| − 1ℎ 8 sign1<|1<|,<9    = 1, … , .     2.9 
By using traction forces obtained from Monte Carlo simulations (see next section) and 
assigning a given value of ℎ, σ()  was obtained from Equation (2.9). We used such 
obtained σ()  to calculate the mean stress, σ), in the entire cluster at a given  as a 
weighted average of the corresponding mean stresses in the blocks, i.e., 
σ) ≡ ∑ σ() %9∑ %9 = ∑ ?sign1|1| − 2 ∑ sign1<|1<|<9 @9 %2ℎ ∑ %9 .   2.10 
 In order to obtain the current block length %, we assumed that the blocks were 
linearly elastic, i.e., that every instant the mean stress in each block was given as 
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σ()  = A3% − %/4,  = 1, … ,      2.11 
where A was the stiffness of the blocks, assumed to be constant and the same for each 
block, and %/ was the resting length of the blocks assumed to be equal to unity. Thus, for 
a given A and %/, we computed % from Equation (2.11) and then used it to obtain σ) 
from Equation (2.10). 
2.2.2 Disjointed Chain (DC) Model 
For the DC model, the absence of cell-cell tractions resulted in self-equilibrated cell-
substrate tractions in each block. With the origin set at the center of each block, the 
traction field in the DC model (Fig 2.1-B) was expressed as follows 
τ,  = sign|τ|, ∀ || ≤ %2 ,  = 1, … , .     2.12 
The boundary conditions were stress-free ends of each block, i.e., σ− % 2⁄ ,  =σ% 2⁄ ,  ≡ 0  = 1, … , . The corresponding stress field for this case was obtained 
by solving Equation (2.1) with the traction field given by Equation (2.12) and applying 
new boundary conditions 
σ,  = |τ|%2ℎ E1 − 2 ||%F ,  = 1, … , .     2.13 
From Equation (2.13), the mean stress in each block was calculated as follows 
σ()  ≡ 1% * σ, +
,-. G,-. G = |τ|%4ℎ = |1|4ℎ ,  = 1, … , .     2.14 
After calculating %  of each block by combining Equations (2.11) and (2.14), we 
calculated the mean stress in the DC as a weighted average of the mean stresses in each 
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block 
σ) ≡ ∑ σ() %9∑ %9 = ∑ |1|%94ℎ ∑ %9 .     2.15 
In both JC and DC models, the mean stress in single cell was given by Equation (2.14). 
2.2.3 Monte Carlo Simulations of Traction Fluctuations 
A 25 × 1 time vector (I) (Monte Carlo time) was created to maintain consistency in the 
modeling and the previous experimental study [10]; in the 2-h experiments, tractions 
were measured at 5-min intervals, which resulted in a total of 25 time points. Next, a 
representation of traction fluctuations was created by a 25 × 1 traction vector (JK) that 
held randomly generated, normally distributed values ranging from 0.1 to 1. Modification 
was applied to these traction values to create a greater range of fluctuations that was 
observed in the experimental data [10], by using a linear relationship  J = LJK + M , 
where L was a 25 × 25 diagonal matrix and M was a 25 × 1 vector. The range of values 
in L and M were determined by the types of traction distribution, which are described 
below. Lastly, J was plotted vs. I and such obtained relationship was used as an input 
into the mathematical models. 
 Two major types of traction distribution were considered in the model: 1) a 
uniform distribution and 2) a non-uniform distribution. The uniform distribution referred 
to traction forces that were generated with the same range of amplitudes and were 
assigned to each block in the cluster. The non-uniform distribution was based on the 
experimental observations in confluent clusters [10, 32, 33], where cells near the cluster 
edge had tractions with greater magnitude than the interior cells in the cluster (Fig 2.2-A). 
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Examples of the uniform and non-uniform traction distributions obtained from Monte 
Carlo simulations are shown in Figures 2.2-B & C, respectively. 
In the case of the JC model, both uniform and non-uniform distributions had to 
satisfy the overall equilibrium [Eq. (2.8)]. One possibility was that tractions were 
distributed symmetrically such that at every instant traction applied at the left part of the 
cluster was matched with the traction of the same magnitude but opposite sense acting at 
the corresponding symmetric right side of the cluster, i.e., 1 = −1 , 1 =−1, 1N = −1, etc. (Fig 2.1). This symmetric distribution demanded the 
number of blocks in the cluster to be even. Another type distribution was an asymmetric 
distribution where traction forces were assigned to N – 1 blocks according to either 
uniform or non-uniform distributions and tractions in the remaining block were assigned 
such that at every instant the whole cluster is in equilibrium [i.e., Equation (2.8) was 
satisfied]. 
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Figure 2.2 Traction forces distributions. A. Measured traction forces at individual FAs of 
a 4-cell confluent cluster from References [10]. Solid circles represent tractions of FAs 
near the cluster boundary, whereas open circles represent tractions of FAs located in the 
cluster interior; color representation is used to distinguish different FAs. B–C. Examples 
of Monte Carlo simulations for a 6-block cluster with a uniform traction distribution (B) 
and with a non-uniform asymmetrical traction distribution (C) [31]. Purple and turquoise 
correspond to end blocks with greater traction magnitudes while the rest (green, black, 
red and blue) correspond to interior blocks with smaller traction magnitudes. Adapted 
from Reference [31]. 
2.2.4 Numerical Simulations 
For any given cluster size , we applied 100 Monte Carlo simulations to each block in 
the clusters to obtain corresponding 100 time lapses of the mean cluster stress σ) from 
Equations (2.10) and (2.15). Each σ) was normalized with respect to its initial value 
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σ)/ ≡ σ) = 0 such that we could compare between clusters of different size. For each 
normalized mean cluster stress, its time average σ∗  and corresponding normalized 
standard deviation (NSD) were calculated over the 2-h observation period as follows 
σ∗ ≡ 125 8 σ)σ)/
P
9      2.16 
and 
QR ≡ S 125 8 Eσ)σ)/ − σ∗F
P
9      2.17 
respectively. From the 100 simulations, we obtained 100 NSDs for any given   and 
calculated the mean NSD and the corresponding standard error to plot NSD versus . 
 In our model, we used NSD as a metric of tensional homeostasis. If a cluster were 
at homeostatic state, its mean cluster stress would be at a stable set point value. Thus, σ∗ 
would stay close to unity and NSD would approach zero. 
 Model simulations were performed in MATLAB and we considered couple 
arbitrary ranges of traction amplitudes along with sets of different values of A and ℎ. 
Those values are listed in Table 2.1. 
Parameter Values 
Uniform traction amplitude 
0.1 – 0.3 
0.01 – 0.03 
0.6 – 0.9 
0.06 – 0.09 
Non-uniform traction amplitude 
0.01 – 0.03 (interior) & 0.06 – 0.09 (end) 
0.1 – 0.3 (interior) & 0.6 – 0.9 (end) 
Cluster size  1, 2, 4, 6, 8, 10, 20, 30 
Initial cell length %/ 1 
Cell height ℎ 0.1, 0.2, 0.3, 0.4 
Cell stiffness A 10, 12, 15 
Table 2.1 Sets of parameter values and traction distributions used in numerical simulations. 
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2.3 Results 
2.3.1 Uniform traction distribution 
Results from the application of uniform, symmetric traction distribution are presented in 
Figure 2.3. In the case of the DC model, NSD decreased systematically with increasing  
regardless of the choice of the values of ℎ and A and of the range of traction amplitudes 
(Fig 2.3-A). The rate of decrease followed an inverse square root relationship (Fig 2.3-A, 
inset). In the case of the JC model, NSD also exhibited a decreasing trend with increasing 
 (Fig 2.3-B), yet followed an exponential decay relationship (Fig 2.3-B, inset). Note 
that values of NSD in the JC model were higher than the corresponding values in the DC 
model for all  T 2. The differences in NSD versus  relationship and in NSD values 
between the DC and JC models suggested mechanical coupling between adjacent blocks 
in the JC influenced stress fluctuation attenuation. 
 
Figure 2.3 Simulated NSD versus   relationships for uniform, symmetric traction 
distributions for the DC model (A) and for the JC model (B). The open symbols represent 
traction ranges of 0.6–0.9 and 0.06–0.09 for ℎ = 0.1 (circle and square) and ℎ = 0.2 
(triangle and diamond) while solid symbols represent traction ranges of 0.1–0.3 and 
0.01–0.03 for ℎ = 0.1 (circle and square) and ℎ = 0.2 (triangle and diamond) for A =10; points are means (U = 100 ± standard error. Inset (A): The average NSD versus  
relationship obtained for the DC model from all simulations with ℎ = 0.1, 0.2, 0.3, 0.4, 
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A = 10, 12, 15  and aforementioned traction ranges follows an inverse square root 
dependence (QR = −0.05 + 0.29 √⁄ , W = 0.9970). Points are means (U = 24  ± 
standard error. Inset (B): The average NSD versus  relationship obtained for the JC 
models from all simulations follows an exponential decay (QR = 0.05 + 0.16X/.P, W = 0.9937). Points are means (U = 24 ± standard error. Adapted from Reference 
[31]. 
2.3.2 Non-uniform traction distribution 
Results from application of non-uniform traction distribution are presented in Figure 2.4; 
in the case of the JC model, the distribution was asymmetric. In the DC model, NSD 
sharply decreased from  = 1 to  = 4 followed by a more moderate and systematic 
decrease onwards, regardless of the choice of values for ℎ and A  and of the range of 
traction amplitudes (Fig 2.4-A). In the JC model, a similar sharp decrease in NSD was 
observed from  = 1 to  = 4, followed by a small increase from  = 4 to  = 10, and 
by a small decrease thereafter (Fig 2.4-B). Values of NSDs in the JC model were again 
higher than corresponding values in the DC model for all  T 2.  
Taken together modeling results showed that stress fluctuations became 
attenuated with increasing cluster size in both DC and JC models, and that the magnitude 
of NSD and its rate of its attenuation might have depended on cell-cell mechanical 
coupling and on the traction distribution. 
 We also computed stress distributions in the JC model according to Equation 
(2.9). The mean stress distribution in the cluster displayed a bell shape with maximal 
mean stress occurred at the center of the cluster (Fig 2.5-A). The corresponding NSDs in 
the cluster indicated that NSD generally increased from the first block at the left end to 
the th block at the right end (Fig 2.5-B). Implications of the obtained results on tensional 
homeostasis are discussed in Section 2.4. 
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Figure 2.4 Simulated NSD versus  relationships for non-uniform, asymmetric traction 
distributions for the DC model (A) and for the JC model (B). The symbols represent 
traction ranges of 0.6–0.9 and 0.06–0.09 at the end blocks and 0.1–0.3 and 0.01–0.03 at 
the interior blocks for ℎ = 0.1 (circle and square), ℎ = 0.2 (triangle and diamond) and A = 10; points are means (U = 100 ± standard error. Adapted from Reference [31]. 
 
 
Figure 2.5 Stress Distribution in a 20-block JC model. The distribution of time-averaged 
block stress (〈;() 〉) (A) and the correspondence distribution of NSDi ( = 1, 2, … , 20 (B). 
Simulations were obtained from non-uniform asymmetric traction distribution with 
traction ranges of 0.6–0.9 at the end blocks and 0.1–0.3 at the interior blocks for ℎ = 0.1 
and A = 10. Points are means (U = 25 ± standard error. Adapted from Reference 3314. 
2.3.3 Comparison with experimental data 
Canović et al. measured traction forces in individual cells and in confluent and non-
confluent multicellular clusters of cultured BAECs [10] using micropatterned traction 
microscopy [34]. Net traction moment (i.e., the 2nd moment of the traction field) and net 
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traction forces (i.e., the sum of the norms of all traction forces) were used as metrics of 
intracellular stress. Both metrics were normalized with their respective initial values and 
then used to compute the corresponding NSDs. (Experimental procedures and techniques 
are discussed in Chapter 3.) In general, NSD of the net traction moment in confluent 
clusters decreased with increasing , with an intermittent increase between  = 5 and 
 = 10 . This experimental behavior was qualitatively consistent with the results 
obtained for the non-uniform, asymmetric traction distributions in the JC model (Fig 2.6-
A). To quantitate the correlation between the modeling and experimental data, we 
calculated the Spearman’s correlation coefficient and obtained a strong and significant 
correlation ([ = 0.8643 and \ = 0.0267). Due to a discrepancy in number of data points 
between the modeling and experimental data, this statistical comparison was performed 
such that modeling results for  = 20 were neglected and NSDs for  = 8 and  = 10 
were averaged as it was done in the experiments. In the case of non-confluent clusters, 
NSD of net contractile force decreased with increasing  followed by an inverse square 
root relationship (QR = −0.02 + 0.32 √⁄ , W = 0.9898 ). This behavior was also 
consistent with the modeling results of application of uniform traction distributions in DC 
(QR = −0.05 + 0.29 √⁄ , W = 0.9970) (Fig. 2.6-B). The correlation between the 
modeling and experimental results was remarkably strong and significant ([ = 0.9849, 
\ = 0.00034). This comparison excluded NSDs for  = 20, 30 from the modeling and 
for  = 3, 5, 7, 9 from the experiments to match the number of data points between two 
sets of data. 
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Figure 2.6 Comparison with experimental data from Reference [10]. A. Simulated NSD 
versus  relationship obtained from the JC model with non-uniform asymmetric traction 
distribution (solid circles) and experimentally obtained NSD versus  relationship for 
confluent clusters (open circles) [10, 31]; simulations were obtained from traction ranges 
of 0.6–0.9 and 0.06–0.09 at the end blocks and 0.05–0.35 and 0.005–0.035 at the interior 
blocks with ℎ = 0.1  and 0.2  and A = 10 . B. Simulated NSD versus   relationship 
obtained from DC with uniform traction distribution (solid circles) and experimentally 
obtained relationship from non-confluent clusters (open circles) [10, 31]; simulations 
were obtained from traction ranges of 0.6–0.9, 0.06–0.09, 0.05–0.35, 0.005–0.035 with ℎ = 0.1 and 0.2 and A = 10. Points are mean ± standard error. Adapted from Reference 
[31]. 
 
2.4 Discussion 
We developed mathematical models of confluent and non-confluent cell clusters to study 
tensional homeostasis. Our models demonstrated that temporal stress fluctuations 
decreased with increasing cluster size and that the rate of attenuation depended on 
traction distributions and on cell-cell mechanical coupling. This stress fluctuation 
attenuation indicated that the mean stress in the clusters approached steady, homeostatic 
state with increasing cluster size. These results were consistent with our previous 
experimental data [10] and with the idea that tensional homeostasis was a multicellular 
phenomenon. 
 The modeling results revealed the importance of non-uniform traction distribution 
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for attenuation of stress fluctuations in confluent clusters. Such traction distribution has 
been observed in endothelial, epithelial and epidermal cells [10, 32, 33] and is 
characterized by larger traction forces near the cluster boundary relative to those in the 
cluster interior. As mentioned earlier, cell-generated stress is resisted by both cell-
substrate tractions and by cell-cell tractions. Taking into account that cells located at the 
cluster boundary have limited cell-cell interaction compared with cells in the cluster 
interior, cell-cell stress transmission is hence restricted in the boundary cells. As a result, 
a greater fraction of the cell-generated stress in the boundary cells is transmitted to the 
substrate than in the interior cells, and consequently cell-substrate tractions are greater in 
the boundary cells than in the interior cells. 
 The inverse square root dependence of NSD on the cluster size obtained in the DC 
model with a uniform traction distribution is a result of statistical averaging of random, 
independent stress fluctuations in each block. This is a predictable outcome based on the 
central limit theorem according to which the standard deviation of independent random 
fluctuations decreases with the inverse square root of the sample size. 
 The inverse square root dependence of NSD on  was not obtained in the case of 
the JC model for both uniform and non-uniform traction distributions (Fig 2.3-B and 2.4-
B), suggesting that cell-cell interactions influences stress fluctuation attenuation. In 
particular, higher NSD values were obtained in the JC model than in the DC model for 
all  T 2, and the NSD vs.  relationship exhibited an intermittent, albeit small increase 
between  = 4 and  = 10 for the asymmetric, non-uniform traction distribution. This 
behavior may be explained by the “global tug-of-war” mechanism [35] as follows. 
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Cell-substrate traction forces acting on a whole cluster are balanced, but at the 
level of individual cells within the cluster they are not. For equilibrium of individual 
cells, both cell-substrate and cell-cell tractions need to be balanced. This balancing act is 
referred to as a “global tug-of-war” [35]. According to the global tug-of-war mechanism, 
the unbalanced fraction of the cell-substrate traction force is transmitted to the 
neighboring cells via cell-cell junctions. This force transmission originates from the 
periphery of the monolayer and progresses towards the center. Consequently, a stress 
buildup is formed within the monolayer and peaks at the center of the monolayer, 
resulting in a bell-shape stress distribution [35]. This mechanism also exists in our JC 
model where the mean stress distribution in the cluster blocks followed a bell-shaped 
curve (Fig 2.5-A). Because of intrinsic variability of the intracellular stress, its buildup 
may also augment stress fluctuations and hence NSD may increase (Fig 2.5-B). The 
influence of stress buildup would cause continual increase in NSD as the cluster size 
grows larger before the effect of statistical averaging of stress fluctuations offsets this 
increase. These two competing effects, the statistical averaging and the stress buildup, 
explain the formation of three regimes in NSD versus  relationship observed in the JC 
model with non-uniform asymmetric traction distribution: an initial decrease, followed by 
an intermittent increase, followed by another decrease (Fig 2.6-A), depending whether 
the statistical averaging or the stress buildup effect are predominant. 
 Although our modeling approach was able to mimic experimental observed 
behavior of confluent and non-confluent clusters, it was dependent on the choice of 
parameter values and on the stress distribution. The values of cell stiffness A, cell height 
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ℎ and resting length %/ were selected ad hoc and happened to be “reasonable” choices 
based on the good agreement between model simulations and experimentally observed 
results. Moreover, the assumption of linear elasticity of the blocks was too crude since 
stress-strain behavior of living cells is non-linear and inelastic. To reduce potential bias 
imposed by these parameters and assumptions, we proposed a modified model that was 
independent of the choice of ℎ, A and %/ and on values of the current block lengths %. 
2.5 Modified Model 
We defined new variables for the mean stress force [Q()] and for the modified cell-cell 
traction force (] and ]) in the th block as follows Q() ≡ σ() ℎ,  = 1, … ,      2.18 
and 
] ≡ ℎ; ] ≡ ℎ,  = 1, … ,      2.19 
respectively.  
For the JC model, it follows from Equation (2.5) that 
Q() ≡ σ() ℎ = −sign1|1|2 + ],  = 1, … , .     2.20 
Equations of equilibrium of each block [Eq. (2.6)], continuity of cell-cell tractions [Eq. 
(2.7)] and equilibrium of entire cluster [Eq. (2.8)] became as follows 
sign1|1| ≡ ] − ],  = 1, … , ,     2.21 ] = ]6 ,  = 1, … ,  − 1     2.22 
8 sign1|1|9 = 0.     2.23 
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Under this scenario, the assumptions of linear elasticity, and uniform block height were 
no longer required for calculating the mean cluster stress. By solving coupled Equations 
(2.20–2.23), we obtained mean block stress force, Q(), as follows 
Q() = 12 sign1|1| − 8 sign1<|1<|,<9    = 1, … , .     2.24 
From such obtained Q(), we calculated mean cluster stress force,  Q̅, as the arithmetic 
mean of Q(), i.e., 
Q̅ = 1 8 Q() =9 1 8 `12 sign1|1| − 8 sign1<|1<|

<9 a .

9      2.25 
 For the DC model, we followed the same procedure to obtain Q() 
Q() ≡ σ() ℎ = |1|4 ,  = 1, … ,      2.26 
and Q̅ 
Q̅ = 1 8 Q() =9 1 8 |1|4

9  .    2.27 
We applied the uniform traction distributions to the modified DC model and a non-
uniform asymmetric traction distribution to the modified JC model (Fig 2.7), as we did in 
the case of the original models. 
In the case of both models we obtained qualitatively similar behavior as we did in 
the case of parameter-dependent models (Fig 2.7). In the case of the DC model, the 
inverse square root dependence of the NSD on   was obtained (Fig 2.7-A) and was 
almost identical to the NSD vs.   relationship obtained for the parameter-dependent 
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model (Fig 2.8-B). The Spearman’s correlation coefficient between the modified and the 
parameter-dependent models and between the modified model and the experimental data 
remained strong and significant (Table 2.2).  
In the case of the JC model, NSD followed a qualitatively similar behavior with 
increasing  , characterized by three distinct regimes, as in the parameter-dependent 
model (Fig 2.7-B). For  = 1 and  = 2, the NSD values were markedly higher than in 
the parameter-dependent model, and for  T 4 values of NSD were slightly lower than in 
the parameter-dependent model (Fig 2.8-A). Although there was still a strong and 
significant correlation between the two modeling approaches, the correlation was weaker 
and not significant between the modified model and the experimental data (Table 2.2). 
The modified models yielded qualitatively similar relationships as the parameter-
dependent models with small to moderate quantitative discrepancies. The statistical 
comparison between the parameter-dependent and parameter-independent models 
indicated that our modeling had a robust foundation and that it captured the essential 
features of the experimentally observed behaviors. 
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Figure 2.7 Simulated NSD versus  relationship obtained from parameter-independent 
DC model (A) and JC model (B). A. Solid symbols correspond to traction ranges of 0.1–
0.3 and 0.01–0.03 (circle and square) and open symbols correspond to traction ranges of 
0.6–0.9 and 0.06–0.09 (circle and square); points are mean (U = 100 ± standard error. 
Inset: The averaged NSD versus   relationship from four traction ranges follows an 
inverse square root dependence (QR = −0.035 + 0.35 √⁄ , W = 0.9689). Points are 
mean ± standard error. B. Solid circles correspond to traction ranges of 0.6–0.9 at the end 
blocks and 0.1–0.3 at the interior blocks; solid squares correspond to traction ranges of 
0.06–0.09 at the end blocks and 0.01–0.03 at the interior blocks. Points are mean (U =100 ± standard error. 
 
 
Figure 2.8 Comparison between modified models (black solid squares), the parameter-
dependent models (grey solid circles) and the experimental data from Reference [10] 
(grey open circles). NSD versus  relationships for the JC model (A) and for the DC 
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model (B). Simulations were obtained from the same traction ranges reported in Fig 2.6. 
Points are mean ± standard error. 
 
  b p-value 
1st Model vs. Experiments 
DC 0.985 0.00034 
JC 0.864 0.0267 
1st Model vs. 2nd Model 
DC 1 4.96e-05 
JC 0.881 0.00724 
2nd Model vs. Experiments 
DC 1 0.028 
JC 0.657 0.175 
Table 2.2 Statistical comparison between the modeling and experimental results. [ is the 
Spearman’s correlation coefficient and p-value is the corresponding significance. 1st 
Model and 2nd Model refer to the parameter-dependent model and parameter-independent 
model, respectively. 
 
2.6 Model Limitations 
Despite the good agreements between the model simulations and the 
experimentally observed behavior, there is a missing component to bridge the gap 
between the theoretical modeling and the experimental results from living cells. This 
modeling was limited in its scope as its major objective was to provide insight into how 
mechanical interactions between cells would impact multicellular clusters’ capability to 
preserve tensional homeostasis. The model excluded contributions of other physical 
factors such as substrate rigidity [3, 19, 36], molecular mechanisms [37], and biochemical 
signaling [25], which all play a role in governing tensional homeostasis-related cell 
mechanosensing behaviors. For example, substrate rigidity is well studied for its 
influence on tension generation in cells. We could model the cells as stress-generating, 
mechanosensitive units rather than as passive elastic units to cope with the effect of 
substrate rigidity. This is, however, a formidable task that deviates from the objective of 
this study. 
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In vivo endothelial cells form a continuous confluent monolayer (the endothelium), 
which is constrained by the cylindrical shape of the blood vessels where there are no 
traction-free boundaries like in the cultured cell clusters. The absence of traction free 
boundaries would dictate a different stress distribution than in confluent clusters where 
the tractions near the boundaries dominate. It would also mean a diminished role or 
complete absence of the “tug-of-war” mechanism, which has a negative effect on 
homeostasis in finite-sized clusters. Preliminary experiments carried on monolayers of 
BAECs by our group indicate that their values of NSD are substantially lower than the 
values obtained from finite-sized clusters, suggesting that the detrimental effect of the 
“tug-of-war” mechanism in monolayers is minor in comparison with the attenuating 
effect of statistical averaging. To mimic the absence of stress-free boundary conditions 
that exist in monolayers, we could modify the JC model by imposing non-vanishing 
tractions at the end blocks. These end tractions should balance the cell-substrate tractions 
at the end blocks and thus reduce or completely abolish force transmission to the adjacent. 
This, in turn, would hamper stress buildup in the cluster and thus reduce its impeding 
effect on homeostasis attenuation. 
The JC model could not account for the non-uniform traction distribution in two-
cell clusters ( = 2). Consequently, two-cell JCs yielded values of NSD that were very 
similar to the values obtained for single cells ( = 1). The reason was that the mean 
stress for the two-cell cluster [Eqs. (2.24) and (2.25)] was equal to two times the mean 
stress for the single cluster [Eq. (2.26)]. When those stresses were normalized with their 
corresponding initial values, the factor of two disappeared, and we had essentially the 
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same formulas for NSD for  = 1  and  = 2 . Interestingly, we observed a roughly 
similar behavior in experiments with thrombin-treated clusters (see Chapter 3) where 
NSD did not change significantly between  = 1  and  = 3  and then decreased 
thereafter. 
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Chapter 3: Cell Response to Inflammatory Agonist 
3.1 Introduction 
In our previous study, we investigated the effect of cell-cell interactions on tensional 
homeostasis by creating artificial, non-confluent cell clusters from individual cells that 
we pooled into clusters of increasing size [10]. Here we wanted to study the effect of cell-
cell interactions by severing adherens junctions (AJs) in confluent clusters using 
thrombin. It is an agonist that stimulates cell’s contractile machinery and thereby 
increases cell’s contractile tone. As a result, the subsequent increase in traction force 
should cause dissociation of vascular endothelial (VE)-cadherin and thus impairment of 
AJs, as reported in the literature [28, 29]. Thus, we measured traction forces in thrombin-
treated clusters and then compared those measurements with previously obtained data 
from cell clusters that were not stimulated by thrombin [10]. We anticipated that 
disruption of AJs due to thrombin would turn confluent clusters into non-confluent 
clusters. Consequently, we expected that NSD in thrombin-treated clusters would follow 
an inverse square root dependence on , as we observed previously in artificially created 
non-confluent clusters [10] and as predicted by our DC model. 
3.2 Methods 
3.2.1 Cell Culture and Thrombin Treatment 
Bovine aortic endothelial cells (BAECs) were cultured in Dulbecco’s Modified Eagle’s 
Medium with 1g/l glucose, supplemented with 10% bovine calf serum and 1% penicillin 
and streptomycin. Cells were maintained in a sterile incubator at 37°C and 5% CO2 and 
trypsinized at 90% confluency. Cells in passages 5 through 10 were used for these 
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experiments. The cells were seeded onto micropatterned polyacrylamide (PAA) gels 
directly after passivation and incubated for at least 18 h to allow adhesion before 
imaging. Thrombin (Enzyme Research Lab) was added to the cells 10 min prior to 
imaging with a concentration of 1 Unit/ml in the cell sample [28, 38].  
3.2.2 Micropatterning 
An array of fluorescently labeled fibronectin dots, with 2 µm diameter and 6 µm center-
to-center separation, was patterned onto PAA gels of elastic modulus of E ≈ 6.7 kPa and 
Poisson’s ratio of ν = 0.445, via soft lithography and an indirect patterning technique, as 
described previously [34, 39]. 
Briefly, polydimethylsiloxane (PDMS) was mixed in a 1:10 ratio of elastomer to 
base and poured onto a silicon wafer to create a master mold. After a 2-h baking at 80°C, 
the PDMS stamp with 5 µm tall microposts, 2 µm in diameter with 6 µm center-to-center 
spacing was removed from the master mold. The PDMS stamp was first plasma treated 
for 30 s and then incubated for 45 min with Alexa-633 labeled fibronectin-deionized 
water solution added onto the surface of the stamp in dark (Fig 3.1-A). Residual solution 
was removed after incubation and the fibronectin-coated PDMS stamp was set aside to 
air dry. Meanwhile, glass coverslip with a 25 mm diameter (Fisher) was sonicated in 
ethanol bath, dried via air gun and plasma cleaned for 2 min. The fibronectin-coated 
stamp was then placed face-down on the coverslip and gently pressed against on it (Fig 
3.1-B & F). The patterned glass coverslip was then stored in the dark at the ready. The 
unpolymerized PAA solution along with N-hydroxysuccinmide (NHS)-ester solution was 
added onto an activated glass coverslip with a 35 mm diameter first and then had the 
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patterned glass coverslip placed on top of it to create the “sandwich” layout (Fig 3.1-C). 
The gel formation took roughly about 45 min and the patterned glass coverslip was then 
carefully removed and discarded (Fig 3.1-D & G). The patterned PAA gel coverslip was 
stored in phosphate-buffered saline solution overnight before usage to remove any toxin 
residues in the gel. The patterned gel is used as a substrate for cell culture (Fig 3.1-E). 
 
Figure 3.1 Micropatterned traction microscopy. A. Fluorescently labeled fibronectin gets 
absorbed onto the PDMS stamp, which contains microposts. B. Fibronectin from the top 
of the microposts is stamped onto a glass coverslip. C. The glass is then placed on the 
PAA gel pre-polymer solution to create a gel “sandwich” between a second, activated 
coverslip, which forms covalent bond with the PAA polymer. D. Fibronectin pattern is 
covalently bonded to the gel through NHS-ester after removing the top coverslip. E. Cells 
adhere and apply force to the fibronectin dots. F. Bright-field image of a patterned glass 
coverslip obtained from (B). G. Bright-field image of a patterned PAA gel obtained from 
(D). Redrawn from Reference [34]. 
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3.2.3 Microscopy 
Fluorescent and differential interference contrast (DIC) images were taken with an 
Olympus IX881 microscope with a ×40 water objective and a Hamamatsu Orca R2 
camera controlled with Metamorph software. The microscope was placed within a 
climate-controlled chamber to maintain the cells samples at 37ºC and 5% CO2 throughout 
the experiment. The duration of the experiments was designed to be 2 h with images 
taken at every 5 min. The cells samples were stained with NucBlue Live Cell Stain at the 
end of each experiment to confirm the cluster size on the corresponding fluorescent 
image (i.e., staining enabled us to visualize cell nuclei in the cluster, which were 
indicative of the numbers of cells in the cluster). 
3.2.4 Image Processing and Scalar Metrics of the Traction Field 
The time-lapse DIC images were analyzed on MATLAB through a custom script; the 
script performed traction force calculations by tracking displacements of each patterned-
dot within the region of interest (Fig 3.2), which were the areas where the cells lay on, 
from its assumed traction-free position on the grid pattern. The traction force vector (J) 
at every cell-substrate adhesion (patterned dot) was calculated from the dot displacement 
vector (e) as follows, 
J = πEge2 + ν − ν ,     3.1 
where g is the radius of the dot (g = 1 µm).  
Two scalar metrics of the traction field were examined: 1) net traction moment 
[h] and 2) net traction force [1], 
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h = 8 b ⊗ Jjk9 = 83l + mn4,
k
9      3.2 
and 
1 = 8‖Jj‖k9 = 8 pl + n
k
9 ,     3.3 
respectively. Here, b is the position vector of the th dot, J is the corresponding 
traction vector at time t ;   and m  and l  and n  are their corresponding Cartesian 
components; U  is the number of dots within the cluster boundary; ⊗  denotes tensor 
product. 
The definition and quantitation of tensional homeostasis in the living cell 
experiments were identical as in Section 2.2.4, i.e., 
〈r〉 = 125 8 r,   P9 QR = S 125 83r − 〈r〉4
P
9  .    3.4 
In Equation (3.4), r indicated either the normalized net traction moment h/h/ or 
the net traction force 1/1/, where h/ and 1/ were the initial (i.e., first measured) net 
traction moment and the net traction force, respectively, 〈r〉 was the corresponding time-
average value, and 25 was the number of 5-min intervals within 2-h observation time. We 
also used another index to quantify tensional homeostasis, the coefficient of variation 
(CV), which is an index of temporal fluctuations around the mean; in this case, h and 1 
were normalized with their corresponding time-averaged values h/〈h〉, and 1/
〈1〉, respectively. Hence, 
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tu = S 125 83r − 14P9 ,     3.5 
where r is either h/〈h〉 or 1/〈1〉. As the cluster approaches homeostasis, CV 
approaches 0. 
 
Figure 3.2 Region-of-interest (ROI) drawing on DIC image to extract dots’ positions 
within a 13-cell cluster. Dot displacement field (blue arrows) was calculated by tracking 
each dot’s position within the ROI at every time point. Inset: Corresponding DAPI image 
with illuminated nuclei that confirmed the cluster size. 
 
3.3 Results 
3.3.1 Traction Field in Thrombin-treated Clusters 
Traction forces were measured from 35 single cells, 15 two-cell clusters, 17 three-cell 
clusters, 9 four- and five-cell clusters, 4 six-cell clusters, 3 seven-cell clusters, 1 eight-, 
ten- and thirteen-cell clusters, and 2 nine- and eleven-cell clusters (Table 3.1). The 
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variability in the number of clusters of different sizes resulted from natural formations of 
clusters, which we could not control. In general, we found that traction forces in 
thrombin-treated cells were greater near the boundary of the clusters than in the cluster 
interior, regardless of the cluster size (Fig 3.3). This was similar to the traction 
distribution observed previously in untreated BAEC clusters [10]. If thrombin severed 
AJs, then one would expect traction forces of higher magnitude to be formed in the 
cluster interior, around cell boundaries in order to maintain each cell within the cluster at 
equilibrium. The observed traction distribution did not change much even when the 
dosage of thrombin was increased to 10 Unit/ml, although in some cases formation of 
larger tractions within a cluster were observed in the cluster interior (courtesy of Alicia 
Zollinger). Because the cells treated with 10 Unit/ml of thrombin got too unhealthy 
during the experiments, we did not use this dosage and carried out our experiments with 1 
Unit/ml thrombin concentration. 
 We examined the treated cells time point-by-time point and discovered that the 
majority of the clusters did not displayed an increase in traction forces or the presence of 
traction forces in the cluster interior. We further looked into the time average of 1 
after every 30 min for each cluster size. In general, the traction force exhibited a 
systematic decrease or an exponential decay throughout the 2-h observation period (Fig 
3.4). 
 Based on the above observations, we concluded that the thrombin treatment did 
not fulfill our expectations to cause disruption of AJs and thus provide us insight into the 
role of cell-cell interactions in homeostasis. Nevertheless, the thrombin treatment 
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provided us with some new insights into tensional homeostasis, which we described 
below. 
 
 
Figure 3.3 Traction distribution in confluent clusters treated with thrombin at a 1 Unit/ml 
concentration. These traction distributions were obtained at the 1st time point of a four- 
(A) and a six-cell cluster (B). Arrows depict the direction of the forces and the color scale 
bar indicates the magnitude of the forces in nN. Cluster contour is outlined by the blue 
line.  
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Figure 3.4 Cumulative time average of net traction force (〈1〉) at different time points in 
four- and five-cell clusters (A) and in six-, seven-, and eight-cell clusters (B). 
 
Cluster Size v Sample Size 
Treated Untreated [10] 
1 35 11 
2 15 14 
3 17 5 
4 9 7 
5 9 5 
6 4 2 
7 3 3 
8 1 3 
9 2 / 
10 1 3 
11 2 / 
13 1 / 
30 / 1 
Table 3.1 Sample population distribution. 
3.3.2 Traction Fluctuations in Thrombin-treated Clusters 
 Time-lapse plots of 1/1/ showed that the single cells, 2- and 3-cell clusters 
exhibited greater variability than clusters of  T 4 (Fig 3.5). We computed the NSDs and 
CVs of the normalized h and 1 according to Equations (3.4) and (3.5). We found 
that NSDT, NSDM, and CVT all exhibited a significant negative correlation with 
A B
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increasing of  (Fig 3.6-A & C and Fig 3.7-A) while CVM exhibited a negative, but not 
significant, correlation with increasing  (Fig 3.7-C). Their correlation coefficients and 
significance level were reported in Table 3.2. We also calculated the range (i.e., the total 
range and the interquartile range), median, and the mean of the stress fluctuation for each 
cell/cluster (Fig 3.6-B & D and Fig 3.7-B & D). Since the number of single cells, 2- and 
3-cell clusters was larger than the number of other clusters, we grouped together 4- and 5-
cell clusters, 6-, 7-, and 8-cell clusters, 9-, 10-, 11-, and 13-cell clusters to reduce this 
unevenness. The total range of stress fluctuation was greater in  = 1, 2, 3 than for  >
3. The interquartile range of NSDs were similar in  = 1, 2, 3, and from there on it 
decreased with increasing   (Fig 3.6-B & D). The interquartile range of CVs were 
similar in  = 1, 2, 3, 4 & 5 and from there on it decreased with increasing  (Fig 3.7-B 
& D). 
 Data in Figures 3.6 and 3.7 suggested that there may be a greater variability of the 
traction field for single cells and smaller clusters than for the larger cluster sizes, in 
particular in the case of the CV data and that a threshold was at  = 3 or  = 4. To 
investigate this, we computed the mean CV for each . Mean values of CVT of single 
cells, of two- and of three-cell clusters were not significantly different, but that they were 
significantly higher than the CVTs of clusters of  > 3 (Fig 3.8-A). In the case of CVM, 
similar trend was observed, but the statistical significance was indicated only for  > 10 
(Fig 3.8-B). We performed an additional statistical test. We divided cells into two groups: 
one that included CVM of single cells, two- and three-cell clusters (U = 67) and another 
that included CVM of the remaining clusters (U = 32). Using the Student’s t-test, we 
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found a significantly higher mean CVM (\ = 0.029) in the first than in the second group, 
suggesting that the apparent decrease in CVM with increasing   was significant. We 
performed the same statistical test with this type of grouping for the NSDM, NSDT, and 
CVT and all obtained a significantly higher mean value in the first than in the second 
group (\ < 0.05). To confirm this grouping is reasonable, we performed statistical test 
with different grouping combinations, i.e., single cells and two-cell clusters against the 
remaining clusters; single cells, two-, three-, and four-cell clusters against the rest of 
cluster size etc. (Table 3.3). These statistical results further corroborated that there may 
be a critical (threshold) number of cells ( = 3) below which traction fluctuations might 
not affected by the cluster size, but for  > 3  these fluctuations became rapidly 
attenuated with increasing cluster size. This is a novel finding which we did not observe 
previously, in the untreated BAECs [10]. 
 
Figure 3.5 Time-lapse plots of the net traction force for thrombin-treated single cells (A), 
2-cell clusters (B), 3-cell clusters (C), 4- and 5-cell clusters (D), 6-, 7-, and 8-cell clusters 
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(E), and 9-, 10-, 11-, and 13-cell clusters (F). Net traction force [1] was normalized by 
its initial value (1/). Each color represents a different cell/cluster. 
 
Figure 3.6 Effects of cluster size ( on tensional fluctuations in thrombin-treated cells 
characterized by NSD. NSD| corresponds to the net traction force (A) and NSD} to the 
net traction moment (C). Each dot represents different cell/cluster and each color 
represents a different cluster size. The corresponding box plots for NSD|  (B) and for NSD}  (D). Data represent interquartile range (boxes), 10–90% range (whiskers), and 
outliers (dots). Solid and dashed lines in the boxes represent median and mean values, 
respectively. 
A B
C D
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Figure 3.7 Effects of cluster size on tensional fluctuations in thrombin-treated cells 
characterized by CV. CV| corresponds to the net traction force (A) and CV} to the net 
traction moment (C). Each dot represents different cell/cluster and each color represents a 
different cluster size. The corresponding box plots for CV|  (B) and for CV}  (D). Data 
represent interquartile range (boxes), 10–90% range (whiskers), and outliers (dots). Solid 
and dashed lines in the boxes represent median and mean values, respectively. 
 
A B
C D
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Figure 3.8 Experimental mean CV versus  relationships of net traction force (A) and of 
net traction moment (B) in thrombin-treated confluent cell clusters. Points are mean ± 
standard error from Fig 3.9-A & C. * significantly lower than  = 1, × significantly 
lower than  = 2, + significantly lower than  = 3, ◊ significantly lower than  = 4 +5 ?,  significantly lower than  = 6 + 7 + 8 (\ < 0.05. 
 
 
 b p-value 
NSDM vs. v -0.221 0.0279 
NSDT vs. v -0.369 0.000172 
CVM vs. v -0.186 0.0650 
CVT vs. v -0.374 0.000137 
Table 3.2 Statistical comparison between tensional fluctuations and cluster size. [ is the 
Spearman’s correlation coefficient and p-value is the corresponding significance. 
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(1+2) vs. remaining h p-value 
NSDM 0 0.414 
NSDT 1 0.0376 
CVM 0 0.202 
CVT 0 0.0642 
 
(1+2+3) vs. remaining h p-value 
NSDM 1 0.0437 
NSDT 1 0.00333 
CVM 1 0.0291 
CVT 1 0.00110 
   
(1+2+3+4) vs. remaining h p-value 
NSDM 0 0.0989 
NSDT 1 0.00984 
CVM 1 0.0261 
CVT 1 0.000578 
Table 3.3 Student’s t-test results with different grouping combination. ℎ  is the test 
decision: ℎ = 1 if test rejects the null hypothesis at the 5% significance level, and ℎ = 0 
otherwise. 
3.3.3 Comparison with Untreated Data 
To further investigate cells/cluster behavior in response to thrombin stimulation, we 
compared our data with our previous results from untreated cells [10]. The distribution of 
the untreated sample population was listed on Table 3.1. Surprisingly, we did not observe 
expected elevation in the magnitude of traction forces after thrombin treatment. We 
found that the time average of 1 was lower in the thrombin-treated cells than in the 
untreated cells (Fig 3.9-A) To be certain that these observations were not due to different 
cell lines used in the experiments where the cells were untreated [10] and in the 
experiments where the thrombin treatment was applied, we measured tractions in single 
cells and in 2- and 3-cell clusters for 15 min before thrombin addition at 5 min intervals, 
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and for 25 min after thrombin addition, starting immediately after thrombin treatment, at 
5 min intervals. We found that only in few cases thrombin caused an increase in traction 
forces (Fig 3.10). Possible reasons for the lack of enhanced contractility due to thrombin 
treatment are addressed in the discussion section below. 
 By comparing NSD and CV vs.  relationships between the thrombin-treated and 
the untreated clusters, we found that the major difference occurs in the range of =1-3, 
where the treated clusters showed no systematic dependences of NSD and CV on , 
whereas the untreated clusters exhibited a pronounced decrease of NSD and of CV (with 
the exception of CVM) right after  = 1 (Fig 3.9-B-E). Interestingly, the modeling results 
showed that for  = 1 and  = 2 in the JC cluster, NSD were virtually the same and that 
NSD sharply decreased after  = 2 (Fig. 2.6-A). 
 
Figure 3.9 Comparison of time average of net traction force (〈1〉) (A), of NSD (B–C), 
and of CV (D–E) from the treated (solid circles) and untreated clusters (open circles). 
Points are mean ± standard error. The data for untreated clusters are taken from 
Reference [10]. 
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Figure 3.10 Normalized net traction moment h/h/ measured in single cells (A) and in 
2-cell clusters (B) prior and post thrombin treatment. Thrombin (1 Unit/ml) is added at t = 15 min, indicated by the red arrow. Each color represents a different cell/cluster. 
 
3.4 Discussion 
The experimental study with the thrombin treated cells did not produce anticipated 
results, namely that the thrombin treatment would sever AJs and thus provide us insight 
into the role of cell-cell junctions in tensional homeostasis in multicellular clusters. 
Possible reasons for this are discussed below. Nevertheless, thrombin-treated 
cells/clusters reveled some behaviors that we did not observed previously in untreated 
clusters [10]. The most significant difference is that thrombin-treated clusters exhibited a 
threshold ( ≈ 3) in the cluster size below which attenuation of traction fluctuations was 
not observable, and above which the attenuation of traction fluctuations rapidly 
increased. This, in turn, suggested that statistical averaging was not a major contributor to 
traction attenuation with increasing cluster size, for if it were, we should observe the 
attenuation over the entire range of s. Why this threshold was not observed previously, 
in untreated clusters, is not clear especially since the thrombin treatment did stimulate 
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cell contractility. Interestingly, the threshold was observed in the theoretical model of JC 
clusters at  = 2. The reason was that in the model the mathematical expressions for 
NSD for single cells and two-cell clusters were identical. In living cells, one could 
imagine that two-cell clusters are mechanically similar to a single cell; i.e., the resultant 
traction force vector of one cell must balance the resultant traction force vector of the 
other cell (i.e., a dipole). In clusters of  T 3, however, this is not the case since the 
resultant traction force from all cells in the cluster must be zero, but resultant traction 
forces from individual cells need not to be equal. 
3.4.1 Experimental Artifacts and Limitations 
Data from the literature on thrombin-treated cells of various types all indicate increased 
cell contractility [27, 28, 29], which is contrary to our finding that thrombin did not 
produce increase in cell traction forces. Gavara et al. reported a 2.5-fold increase in 
traction force [27], while Krishnan et al. reported that the magnitude of traction force was 
enhanced by a factor of three for softer substrates (1.2 and 4 kPa) and by a factor of two 
for stiffer substrates (11 kPa) [28]. This raised our concern whether our experimental 
protocol was appropriate.  
 We pointed out that we observed that magnitude of the traction field decreased 
throughout the duration of the experiments (Fig 3.4). This suggested the possibility that 
the thrombin effect was not sustained throughout the 2-h observation period. As 
described in Section 1.1.2, the Ca2+/calmodulin-dependent MLCK and Rho kinase 
signaling pathways are involved in actin cytoskeleton remodeling when cells are under 
inflammation or are exposed to inflammatory agonists such as thrombin [16]. Thrombin 
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enhances MLC phosphorylation through activation of Ca2+/calmodulin-dependent MLCK 
and inhibition of MLC phosphatase activity via Rho activation [16, 27, 28, 29]. We then 
hypothesized that thrombin-induced force enhancement would generate forces strong 
enough to overcome VE-cadherin connections with catenins and eventually lead to our 
desired outcome which was the disassembly of AJs. In addition to thrombin effects on the 
two signaling pathways, Ukropec and co-workers reported modulation of the quantity of 
cytosolic protein-tyrosine phosphatase (SHP2) associated with VE-cadherin complexes 
was regulated by thrombin in HUVECs [40]. Upon exposure of HUVECs to thrombin, 
SHP2 disassociated from the VE-cadherin complexes. The authors associated the 
thrombin-mediated loss of SHP2 from VE-cadherin complexes to regulation of the 
tyrosine phosphorylation of other cytoplasmic catenins. It altered the interactions 
between these cytoplasmic catenins and thereby diminished the cytoskeletal association 
of VE-cadherin complexes. Yet, this thrombin-stimulated tyrosine phosphorylation was 
reported to be transient and time-sensitive.  
In our experimental protocol, data collection began 10 min after thrombin 
addition, and images were taken at 5-min intervals over 2-h experiment. Based on the 
above, thrombin could have already lost its effectiveness by the 5th time point imposed by 
the 30 min wait time, which could explain the observed diminishing trend in traction 
forces (Fig 3.4). Moreover, if thrombin only takes 5 min to take effect, our cells could 
have already experienced cytoskeletal remodeling in response to thrombin in our 
proposed 10 min wait time before data collection. This could lead to lower basal prestress 
establishment within the clusters after remodeling, which could explain lower initial 
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traction forces observed in treated cells than in the untreated ones (data not shown). 
We also identified another potential contributing factor to the discrepancy in 
cells’ response to thrombin addition compared with studies reported in the literature [27, 
28, 29]. In these studies, the authors all starved the seeded cells before thrombin 
treatment by replacing the culture medium with either serum-deprived medium [28, 29] 
or serum-free medium [27]. The starvation duration varied greatly from study to study, 
ranging from 5 min prior to experiment up to 24 h prior to traction measurements. This 
discrepancy could be a result of difference in cell types and cell/cluster size as Gavara et 
al. used single HUVECs [27], Krishnan et al. used confluent HUVEC clusters [28], and 
Liu et al. used 2-cell human pulmonary artery endothelial cell clusters [29]. Nevertheless, 
cells entered quiescent state when being starved; therefore, the contractile tone was 
significantly downregulated compared to that when they were in active state. This 
downregulation in the cytoskeletal tension could help amplifying the thrombin-induced 
contraction. We, however, did not starve the cells before thrombin addition in order to 
stay consistent with the data obtained previously for untreated cells [10]. This could 
explain the unobservable traction force enhancement following the thrombin treatment. 
In order to reconcile our results with the data from the literature, we proposed the 
following future directions in experiments that may provide the desired thrombin effect to 
meet our research objective and to strengthen our finding. 
Preparations of BAECs and patterned PAA gel will follow the same procedures 
described in Section 3.2.1–3.2.2. We will, however, switch the culture medium to either 
serum-deprived or serum-free medium after 16 h of adhesion time. The cells will be 
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starved for 2 h before imaging. We will adjust the adhesion time and starvation duration 
if necessary. We expect that cell starvation would result in traction increase following 
thrombin treatment. 
We can perform Western blotting to detect VE-cadherin and SHP2 from the 
thrombin-treated cells as thrombin has direct impact on these cell-cell adhesion 
molecules. The thrombin-treated cells will first be immunoprecipitated with antibody 
directed against VE-cadherin and then process for immunoblot analysis. We will then 
probe the cells with antibody directed against SHP2. Absence of SHP2-band is expected 
as thrombin induces SHP2 disassociation from VE-cadherin complexes [40].  
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Chapter 4: Conclusion 
In this study we used a two-pronged approach, modeling and experimental, to explain our 
previous experimental observation that tensional homeostasis in cultured endothelial cells 
is a multicellular phenomenon [10]. We hypothesized that mechanical interdependence 
between adjacent cells contributes to tension attenuation. To test this hypothesis we 
developed conceptual mathematical models of confluent and non-confluent cell clusters. 
The modeling results showed that the size of cell clusters, traction distribution, and 
mechanical coupling between cells might be key determinants of tensional homeostasis in 
cultured cell clusters. Two mechanisms that influence tensional homeostasis in confluent 
clusters were identified: 1) statistical averaging that enhanced homeostasis and 2) stress 
buildup that impeded homeostasis. 
In our experimental approach, we used thrombin to sever adherens junctions in 
confluent clusters and then measure tensional homeostasis. If successful, these 
experiments should have provided us more direct evidence into how cell-cell coupling 
influences homeostasis than our previous method of artificially created non-confluent 
clusters [10]. We were not able to accomplish our original goal since the thrombin 
treatment did not produce the desired effect. However, the thrombin treatment revealed 
that there might be a critical number of cells within a confluent cluster, which was 
required for attenuation of tensional fluctuations to take place. The underlying factor that 
determines this threshold is still unknown. The presence of such threshold indicates that 
traction attenuation with increasing cluster size is not a mere consequence of statistical 
averaging of random noise, but that other mechanisms may also contribute. Current 
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efforts of our research group are dedicated to identify and understand those mechanisms. 
Taken together, results of our investigation corroborated our earlier findings that 
tensional homeostasis is multicellular phenomenon [10]. It does not exist across multiple 
length scales, as suggested previously [4, 5], rather it may require a higher level of 
organization than that of a single cell. To obtain a comprehensive description of tensional 
homeostasis, future studies should consider homeostasis in different cell types. It is quite 
feasible that cells that do not form stable cell-cell adhesions, like for example fibroblasts, 
may be able to maintain tensional homeostasis at the single cell level. In fact, most 
previous studies used to support the notion that individual cells are capable of 
maintaining tensional homeostasis were based on measurements in fibroblasts.  
The effects of cross-signaling between cell-cell and cell-matrix adhesions is 
another potential homeostatic mechanism. It is well established that cross-talk between 
FAs and AJs regulates cytoskeletal tension via Rho-kinase. Thus, if such FA-AJ signaling 
could be accomplished in isolated cells, one would expect that such cell could maintain 
homeostasis on its own.  
Rigidity of the extracellular matrix and matrix composition are also known to 
influence tension generation and to modulate tension magnitude in living cells. So far we 
have carried out experiments only on PAA gels of single stiffness and with single protein 
coating (fibronectin). Increasing rigidity of the substrate would enhance tension 
generation, which may stabilize tensional fluctuations [28]. Micropatterning the substrate 
with extracellular matrix proteins other than fibronectin (e.g., vitronectin, collagen, 
laminin) or with a mixture of two or more of these proteins may provide a more realistic 
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environment for cells.  
Boundary conditions may be critical for homeostasis. Our models revealed that 
stress-free boundaries of clusters lead to stress buildup which, in turn, impedes traction 
fluctuation attenuation. Thus, applying tractions at the boundaries of a cluster or a 
monolayer may offset stress buildup and promote homeostasis.  
Finally, when studying tensional homeostasis of endothelial cells, one should also 
take into the influence of external mechanical perturbations like shear flow and routine 
substrate stretch, which are present in vivo, and their contribution to the cell ability to 
maintain homeostasis. 
Understanding of the mechanisms that govern tensional homeostasis bears a 
potentially long-term impact on our understanding of progression of various vascular 
diseases. Results of our study may explain why changes in the cellular microenvironment 
which cause disruption of cell-cell interactions compromise tensional homeostasis and 
thus promote progression of diseases such as atherosclerosis, aneurysm and stent 
thrombosis. This may lead to development of new preventive and therapeutic measures in 
dealing with those diseases. Second, results of this study may provide insight into 
mechanisms by which other tissues and organs that are exposed to routine mechanical 
loading maintain functional homeostasis (e.g., pulmonary homeostasis), as well as insight 
into diseases such as cancer where the loss of tensional homeostasis is a hallmark of 
disease progression.  
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